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ATP synthases catalyze ATP synthesis/hydrolysis coupled with a transmembrane H + (proton)-translocation in bacteria, chloroplasts and mitochondria (1) (2) (3) . The enzyme is composed of two portions, a water-soluble F 1 , which has catalytic sites for ATP synthesis/hydrolysis (4), and a membrane-integrated F o , which mediates H + -translocation.
The bacterial enzyme has the simplest subunit structure, α 3 β 3 γ 1 δ 1 ε 1 for F 1 and a 1 b 2 c 10-11(?) for F o . F 1 is easily and reversibly detached from F o by removal of Mg 2+ in a low ionic strength solution. F 1 is by itself a rotary motor driven by ATP hydrolysis (5, 6) , in which a central stalk made of γ and ε subunits rotates relative to the surrounding α 3 β 3 hexamer ring (7, 8) .
Remaining F o sector in the membrane acts as a proton channel that mediates passive proton translocation across membrane.
F o in ATP synthase is thought to work as a rotary motor driven by the energy of proton translocation down the electrochemical potential. Structural studies on F o with electron microscopy (9) and atomic force microscopy (10-12) have suggested that subunits a and b 2 are peripherally located outside of a ring of subunit c oligomers (c-ring). A low-resolution crystal structure of an F 1 +c 10 subcomplex from yeast mitochondria revealed a tight interaction between γε subunits of F 1 and c-ring of F o (13) . The cross-links were readily made between introduced cysteines of subunit c and γε subunits of F 1 without losing functional coupling between F 1 and F o (14) . ATP facilitated movement of subunit c relative to subunit a that was assessed by the a-c cross-link (15) . A side stalk, made of b 2 and δ, connects stator of F o and that of F 1 , and prevents stators being dragged by rotaion of the central stalk (16) . From these and other observations, it is generally accepted that cring rotates relative to stator subunits, ab 2 (17-19) . Thus, proton influx into the cytoplasm through F o (in the case of mitochondria, into the matrix) would cause rotation of c-ring and hence the central γε stalk, which then enforces each catalytic site in F 1 to synthesize ATP.
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As a reverse reaction, ATP hydrolysis in F 1 drives reverse rotation of the γε stalk and c-ring, which causes proton efflux through F o .
To explore the mechanism of proton flow through F o and its coupling with rotation, measurement of the proton flow together with c-ring rotation is absolutely required. The study has been impeded by unstable nature of ATP synthases; structural and functional integrity of the enzyme is easily damaged during experimental procedures (20, 21 Other methods ----ATPase activity was measured at 37 ˚C using an ATP-regenerating system (23). The activity that hydrolyses 1 µmole of ATP per min is defined as one unit.
DCCD sensitivity was measured as follows: Either the inverted vesicles (10 mg-protein/ml) or proteoliposomes (prepared as above) were added to the equal volume of 100 mM Authentic Bacillus PS3 F o F 1 was purified from Bacillus PS3 cells as described previously (27) . Two-dimensional SDS-PAGE was carried out as performed previously (23) .
Protein concentrations were determined using the BCA Protein Assay Kit from Pierce, with bovine serum albumin as a standard. of ATPase activity. More than 80 % of the activity were inactivated by a 50-min incubation with 50 µM DCCD or by a 20-min incubation with 100 µM DCCD (Fig. 1B ).
RESULTS
This inhibition is comparable or slightly more efficient than that (75 %) observed for the authentic TF o F 1 purified from Bacillus PS3 cells (27) . This inactivation is due to labeling subunit c but not labeling catalytic glutamic acid (Glu190) in β subunit of F 1 since ATPase activity was unaffected by DCCD treatment when measured in the presence of lauryldimethylamine oxide (LDAO), which unleashes ATPase activity of F 1 from F o . The membrane ATPase was inhibited almost completely by 5 mM azide, an inhibitor of ATPase activity of F 1 and ATP synthase. Mutant TF o F 1 s were purified from the vesicles, and analyzed by SDS-PAGE after incubation with or without 50 mM DTT at 25 ˚C for 1h ( Fig. 2A) . The mutant TF o F 1 s incubated with DTT showed eight bands, the same as that of wild-type (lanes 1-4) . However, the vesicles of a mutant bL2C/cS2C, without DTT treatment, had drastically decreased H + -pumping activity (Fig. 3A, right panel) . Membranes of the oxidized vesicles from bL2C/cS2C are capable of holding electrochemical potential of protons generated by NADH oxidation, as described later, and proton-leak cannot be a reason of the apparent loss of H + -pumping. The inactivation of bL2C/cS2C by oxidation was also observed for ATPase activity. Oxidized vesicles from bL2C/cS2C without DTT treatment retained only 37 % of the ATPase activity of that of the DTT-treated ones whereas activities of the vesicles from the single mutants (and wild-type) were hardly affected by oxidation-reduction treatment (Fig. 3B) . The inhibition of ATPase was completely similarly; the quenching was small and the effect of DTT treatment was minor (Fig. 4A,   bL2C and cS2C) . Also the extent of fluorescence quenching was small for the DTTtreated inverted F o vesicles of bL2C/cS2C (Fig. 4A, bL2C/cS2C) . However, when the same inverted F o vesicles of bL2C/cS2C were subjected to the test without prior DTT-treatment, 
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DISCUSSION
The major message of this report concerns the relation between the c-ring rotation and the proton flow through F o . As illustrated in Fig. 5 , the F o with a disulfide cross-link between subunits b and c was unable to mediate proton translocation (Fig. 4) . With prevented proton translocation, ATP hydrolysis was also prevented, suggesting the retention of tight coupling between F o and F 1 in the cross-link containing TF o F 1 (Fig. 3) .
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